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Redox behaviour of polyvalent ions in phosphate glass melts and 
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Glass melts and glasses with the basie composition NaPOs · 2Sr(P03)2 doped with V2O5 and Fe203 were studied with the aid of 
square-wave voltammetry and spectroscopic methods. From the square-wave voltammetry in the glass melt, a linear dependence 
of the peak potentials on the temperature was obtained. The Standard enthalpy AH^, the Standard entropy and lg(Cox/Cred) 
of the transitions Fe^+/Fe^+ and V'̂ '̂ /V "̂̂  were calculated. The diffusion coefficients calculated from the peak currents measured 
follow Arrhenius' law. By means of electron spin resonance, the concentration of V*"̂  was determined. The corresponding ex
tinction coefficients for the bands were calculated from the absorption spectra. Concerning the vanadium-containing glass, the 
results of square-wave voltammetry and spectroscopy were compared quantitatively. For the iron-doped glass, the comparison was 
only qualitative. 

Redoxverhalten polyvalenter Ionen in Phosphatglasschmelzen und Phosphatgläsern 

Es wurden Gläser der Zusammensetzung NaPOs · 2Sr (P03 )2 mit Eisen und Vanadium dotiert und mit Hilfe der Square-Wave-
Voltammetrie und der Spektroskopie untersucht. Aus den Messungen der Square-Wave-Voltammetrie konnte ein linearer Zu
sammenhang des Peakpotentials in Abhängigkeit von der Temperatur erhalten werden. Die Standardenthalpie Aif ^, die Standard
entropie und lg(Cox/Cred) der Übergänge ¥q^^I¥q^^ und ψ^ΙΥ^^ wurden daraus berechnet. Aus den Peakströmen wurden die 
Diffusionskoeffizienten erhalten, die Arrheniussches Verhalten zeigen. Die Konzentration an V "̂̂  wurde mittels Elektronenspin-
resonanz-Spektroskopie bestimmt und die Extinktionskoeffizienten der V^"^-Bande wurden aus dem Absorptionsspektrum berech
net. Die Ergebnisse aus der Square-Wave-Voltammetrie und der Spektroskopie wurden verglichen, für das vanadiumhaltige Glas 
quantitativ und für das mit Eisen dotierte Glas qualitativ. 

1. Introduction 
Many propert ies of the glass melt and the glass product 
are influenced by the type and the concentra t ion of poly
valent ions [1 to 3]. Examples of such propert ies of the 
glass melt are the solubihty of gases and the refining 
behaviour; for the fmal glass product the transmission 
or colour are decisive. The investigation of the redox be
haviour can be carried out directly in the glass melt with 
the aid of square-wave vol tammetry (SWV) [4 and 5]. 
By means of optical and electron spin resonance (ESR) 
spectroscopy, the redox ratio of the polyvalent ions can 
be determined in the quenched glass. 

In the glass melt, the polyvalent elements and the 
physically dissolved oxygen are in equil ibrium. The re
dox reaction of the polyvalent elements can be described 
as follows: 

T h e equi l ibr ium cons tan t K{T) is defined as 

M(^+«)+ + — 0 2 - - — O2 + 
2 4 

(1) 

[M 
(2) 
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a n d depends o n b o t h the glass compos i t ion a n d the t em
perature . T h e Standard free en tha lpy AG^ of the redox 
react ion can be calculated from the equi l ib r ium con
s tant : 

AG^(r) = -RT\nK{T) = AH^-TA^= -nF'FP{T). 

(3) 

F r o m the t empera tu re dependence of E^(T), m e a s u r e d 
by m e a n s of SWV, the Standard en tha lpy AH^ a n d the 
Standard en t ropy Â *̂  can be calculated. Square-wave 
v o l t a m m o g r a m s are c u r r e n t - p o t e n t i a l curves which ex
hibi t dist inct peaks caused by the polyvalent e lement 
present . T h e p e a k cur ren t is a funct ion of t e m p e r a t u r e 
a n d of the exper imenta l pa rame te r s : the pulse t ime τ a n d 
the pulse a m p h t u d e Â ": 
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Figure L Experimental square-wave voltammogram of an 
undoped phosphate glass melt (τ = 5 ms, AE = 100 mV, 
d = 1000 °C). 

Δ/ρ = 0.31 
ACon^F^AE D 

RT τπ 
(4) 

probe flushed with air. All potentials ment ioned in this 
paper are referred to the Zr02/air electrode. The experi
menta l equipment and procedure are described in detail 
in [8]. 

For spectroscopic investigations, the base glass was 
melted in a silica crucible at 1200°C. Powdered glass 
samples were remelted at different temperatures in the 
ränge of 900 to 1300°C for 1 h. The glass, doped with 
V2O5 was melted under either reducing or oxidizing 
conditions. To reduce the vanad ium in the glass, the melt 
was doped with 1 w t% sugar. Oxidizing condit ions were 
established by bubbling O2 for 1 h through the melt at 
1200 °C. All melts were quenched and cooled down to 
room temperature. For absorpt ion measurements, the 
glasses were g round to plates of 1 m m thickness and 
polished. The optical absorpt ion spectra were recorded 
in the ränge of 190 to 3200 n m using a double-beam 
spectrometer (UV-3101 PC , Shimadzu Corp.) . The E S R 
spectra of powder samples were obtained by a spec
t rometer Z W G E R S 210 (error < 1 0 % ) . 

F r o m the peak cur ren t . Δ/ρ , the self-diffusion coef
ficient, Α of the polyvalent ions can be determined if 
the to ta l bulk concen t ra t ion of the polyvalent element, 
Co, the n u m b e r of electrons transferred, n, and the 
surface area Α of the electrode are k n o w n . The dif
fusion coefficients depend on t empera tu re following 
Ar rhen ius ' law: 

(5) 

where Ej^ is the act ivat ion energy of the self-diffusion 
process. Fo r a m o r e detai led descr ipt ion of the theory of 
S W V see [6 a n d 7]. 

T h e combina t ion of two spectroscopic methods 
enables the de te rmina t ion of the redox State. The 
concent ra t ion can quant i ta t ively be de termined using 
E S R . If the V"̂ "̂  concen t ra t ion is k n o w n , the extinction 
coefficient of the V"^^ b a n d s in the absorp t ion spectra 
can be calculated accord ing to the law of Lambert -Beer : 

Ε(λ) = ε(λ) - c d . (6) 

In addi t ion , this pape r provides a compa r i son of the 
results from S W V a n d spectroscopic measurements . 

2. Experimental 
T h e glasses wi th the basic compos i t ion N a P O s · 
• 2Sr(P03)2 were modif ied by add ing 0.5 w t % iron as 
Εθ2θ3 a n d 0.5 w t % v a n a d i u m as V2O5. T h e SWV meas
urements were carr ied ou t in the t empera tu re ränge of 
750 to 1000 °C in a resis tance-heated furnace with a ver
tical a lumina tube. In the middle of this furnace, the 
p la t inum crucible wi th the glass mel t was located, in 
which three electrodes were inserted: a plat inum wire 
act ing as work ing electrode, a p la t inum plate as counter 
electrode a n d the reference electrode which was a Z r 0 2 

3. Results and discussion 
In figure 1, a vo l t ammogram of a dopant-free phosphate 
glass (P) is shown. A n increase in the current can be 
observed at potentials higher than O m V due to the 
formation of O2 at the working electrode. A t potentials 
lower than - 7 0 0 mV, the increase in current is caused 
by the decomposi t ion of the posphate glass matrix. In 
addifion, a slight peak at - 5 8 0 m V is visible [9]. This 
peak was also observed in phospha te glasses of other 
composi t ions as well as in fluoride phosphate glasses 
(FP) with 1 0 m o l % P H O S P H A T E . Since phosphate glasses 
posses a higher water content (in form of O H " groups) 
than the most Silicate glasses [10], this peak may be 
caused by the reduct ion of the highly mobile 0 H ~ ions 
[11] to gaseous hydrogen. On the other hand , this peak 
occurs I N F P glasses whose water content I S low and 
comparable W I T H S I L I C A T E glasses. SWV I N V E S T I G A T I O N S of 
bubbled Ρ glass melts did not show any decrease in the 
peak currents of the vo l t ammograms whereas, concern
ing the I R spectra, a distinct decrease in the intensity of 
the O H bands was obtained. Based on these contrary 
findings, another explanat ion is possible: the phosphate 
is reduced to elemental phosphorus and at higher poten
tials to the thermodynamical ly favoured PH3 according 
to the following redox reaction scheme: 

P 5 4 p 0 ^ p 3 - ^ (7) 

In figure 2a, the vo l t ammogram of the vanadium-con
taining glass at 1000°C is presented. Α well-pronounced 
peak at - 3 5 0 m V can be observed. For vanadium, two 
redox reactions are possible: 

γ5+ ^ γ4+ ^ γ34 (8) 

F r o m E S R it is known, that vanad ium in Ρ glasses 
mainly occurs in the redox State V^^. Therefore, the 
peak observed in figure 2a is at t r ibuted to the reduction 
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of to V^-". T h e V^+ZV^-" transi t ion is indicated at 
positive potentials, bu t is superimposed by the increase 
in current caused by the formation of oxygen. 

In figure 2b, the vo l t ammogram of iron in the Ρ glass 
melt recorded at 1000°C is shown. The peak at a poten
tial of - 1 7 0 m V is caused by the reduction of Fe^"^ to 
Fe^"^. The Shoulder at a round - 6 0 0 m V corresponds to 
the small peak observed in figure 1 [9]. The reduct ion 
of Fe^"^ to metallic iron is no t detectable because the 
at tr ibuted potent ial is more negative than that of the 
phosphate glass matr ix. 

Figure 3 demonstra tes the linear dependence of the 
peak potentials u p o n the temperature. Wi th increasing 
temperature, the V^+ content increases slightly, caused 
by the small changes of £^(7). To form higher amoun t s 
of V^^ in the glass, strongly reducing condi t ions are re
quired. Because of the steeper slope of the £'ρ(Γ) curve, 
changes of the temperature have more influence on the 
redox ratio of iron than on that of vanadium. According 
to equat ion (3), the Standard enthalpies, the Standard 
entropies and lg(Cox/Cred) for equil ibrium with air were 
calculated. The diffusion coefficients were obta ined from 
the corresponding peak currents using equat ion (4). As 
seen in figure 4, D depends linearly on the reciprocal 
temperature. F r o m the Arrhenius ' equat ion (6) the acti
vation energy, Εγ^, was calculated from the slope of the 
linear regression line [12], In table 1, all values obtained 
from SWV are summarized. 

By means of E S R spectroscopy, paramagnet ic sub-
stances can be investigated [13]. In figure 5 the ESR 
spectrum of the vanadium-conta in ing glass is presented. 
The only redox State of vanad ium providing an E S R sig
nal is the V^"^ ion due to its single unpaired spin with the 
electron configuration [14]. All glasses doped with 
vanadium and melted under different condi t ions were 
investigated by E S R to determine the V^"^ content . The 
concentrat ion of can be calculated by the inte
gration of the observed signal and by compar i son with 
a Standard substance with known number of spins. F rom 
the isotropic hyperfme Splitting of the E S R spectrum, 
interpretat ions of the bonding in the vanadyl complexes 
are possible [14 to 16]. 

Figure 6 illustrates the temperature dependence of 
the redox behaviour by means of results from b o t h SWV 
and ESR. For the calculation of the lg(Cox/Cred) values 
from E S R measurements , the assumpt ion was m a d e that 
vanad ium solely occurs in the redox states V^^ and V^^. 
With respect to SWV, it was assumed that at the cor
responding temperature equilibrium was obta ined. The 
results from SWV in the melt were in good agreement 
with the values obta ined in the cooled glass by ESR. 
Hence, it can be concluded that the redox ratio remains 
constant dur ing cooling to room temperature. 

In figure 7a, the absorpt ion spectrum of the vana
dium-containing glass is shown with the different ab
sorpt ion bands of V"^^: a ^Ti ^E transi t ion at 680 nm 
and a ^Ti t ransi t ion at 870 nm. In the glass, the 

ion may exist in sixfold coordinat ion with a tetra-

Figures 2a and b. Experimental square-wave voltammogram in 
phosphate glass melts; a) doped with V2O5 (τ = 100 ms, 

= 100 mV, ^ = 1000 °C), b) doped with Fe203 (τ = 10 ms, 
AE= 100 mV, ^= 1000 °C). 
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Figure 3. Peak potentials as a function of temperature for the 
transitions V^+ to V3+ and Fe^^ to Fe^^. 

gona l d is tor t ion from oc tahedra l symmetry as vanadyl 
complex (VO^^) [17]. T h e b a n d s of the d - d t rans i t ions 
were fitted as G a u ß curves a n d the co r r e spond ing ex
t inct ion coefficients were calculated accord ing to equa 
t ion (7) using the -concent ra t ion de t e rmined by 
E S R . 

F igure 7b il lustrates the changes in the abso rp t i on 
spectra caused by different mel t ing condi t ions . Bubbl ing 
wi th O2 leads to a decrease in the intensity of the V^"^ 
b a n d s indicat ing the format ion of V^"^ in the glass. T h e 
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Figure 4. Diffusion coefficients for iron and vanadium as a 
function of the reciprocal temperature. 
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Figure 6. Comparison of the results from ESR and SWV for 
the vanadium-containing glass. 
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Figure 5. ESR spectrum of the V^^ containing phosphate glass. 

V^"^ ion wi th its electron configurat ion 3d^4d^ possesses 
only a charge transfer t rans i t ion (CT) presented by 
s t rong absorp t ion b a n d s in the U V ränge. Prepar ing the 
glass u n d e r s t rong reducing condi t ions results in a 
spec t rum showing the presence of V^"^ ions. Two bands 
at 445 a n d 700 n m are detected. T h e ε values were cal
culated for the ^Tig -> ^Tjg a n d the ^Tig ^T2g(P) t ran
sitions. T h e b a n d of the charge transfer t ransi t ion of V^+ 
was observed only as U V edge since the concentra t ion 
of V^"^ in the glass was t o o high to ob ta in a well-dis-
t inguishable peak . T h e de te rmina t ion of ε of this b a n d 
is only possible in glasses with low concentra t ion of 

dopan t s [18 and 19]. In table 2, the redox states of 
vanad ium in the glass melted under different condit ions 
and investigated by different methods are shown. 

In figure 8a, the absorpt ion spectrum of the iron-
containing glass is presented. The Fe^^ ion causes two 
absorpt ion bands in the N I R region, and C T transit ion. 
By contrast , the Fe^"^ ion causes only a transi t ion in the 
U V region detected as absorpt ion edge. The Fe^^ bands 
of the d - d transit ions were fitted: the peak at 1020 n m 
is at tr ibuted to the Fe^"^ ion in octahedral coordinat ion 
and the band near 2200 n m is caused by Fc^'^m tetra-
hedral coordinat ion [19 and 20]. The band at 2200 n m 
is strongly influenced by the O H bands. The ε values of 
the bands were no t calculated since the determinat ion of 
the Fe^"^ concentrat ion was impossible because it was 
present in different coordinat ions. Therefore, the tem
perature dependence of the spectra can only be discussed 
qualitatively (see figure 8b). Wi th decreasing tempera
ture, the intensity of the Fe^"^ decreases. Wi th rising 
temperature (above 1100°C), the difference in the band 
intensities becomes more distinct. Α possible explana
t ion for this behaviour could be that the melting time 
was too Short to reach equil ibrium, or eise a change in 
the coordinat ion of Fe^"^ occurred. The latter could not 
be proved since the O H b a n d influences the band of the 
tetrahedrally coordinated Fe^^. For the samples melted 
at 1000 and 900 °C, the O H content is high enough to 
notably influence the Fe^"" band at 2200 nm. In table 3, 
all values obtained from absorpt ion spectroscopy are 
summarized. 

Table 1. Calculated values from SWV = 1000 °C, po, = 0.21 bar) 

transition 
in mV in kJ/mol 

AS^ 
in kJ/mol 

lg(Cox/Qed) 
(D in cm^/s) in kJ/mol 

V4+/V3 + 
Fe3+/Fe2+ 

- 3 5 0 
- 1 7 0 

58 
125 

15 
82 

1.38 
0.67 

- 6 . 5 
- 6 . 6 

129 
107 
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Figures 7a and b. Absorption spectra of the phosphate glass 
doped with V2O5; a) V^^ spectrum and fitted bands, b) ab
sorption spectra of the V*^-containing phosphate glass melted 
under different conditions. 

Figures 8a and b. Absorption spectra of the phosphate glass 
doped with Fe203 ; a) Fe^^ spectrum and fitted bands, b) ab
sorption bands for the Fe^^ in octahedral coordination meas
ured as a function of the melting temperature. 

Table 2. Redox ratios of vanadium melted under different conditions 

melting melting vanadium concentration (in %) determined with 
condition temperature 

in °C 
SWV ESR AS temperature 

in °C 
Γ 4 + Γ 5 + Γ 4 + Γ 3 + 

oxidizing 1200 70 31 69 -

air 1200 94 — 94.5 5.5 
air 1100 93 - 95 5 
air 1000 - 96 4 96 - 95 5 
air 900 - 98 2 98 - 97 3 

reducing 1200 1 - 1 99 

4. Conclusions 
SWV measurements revealed that the redox rat io is 
shifted to the reduced State with increasing temperature. 
For vanadium, the temperature dependence of is 
slightly indicating that the V"^^ ion is a very stable redox 
State in the phospha te glass melt. This was also observed 
using spectroscopy. Melt ing at different temperatures 
leads only to small changes in the V*^ content deter

mined by E S R a n d from the absorp t ion spectra . T h e 
results from S W V in the melt are in good agreement 
wi th the results from E S R . Caused by the stable 
ion, the format ion of V^^ requires strongly reducing 
condi t ions . To ob ta in V^^ in the glass, oxidizing con
dit ions, e.g. bubbl ing of O2 th rough the mel t , are 
necessary. The i ron redox rat io is influenced by the tem
pera ture to a higher extent t h a n the v a n a d i u m redox 



Table 3. Observed absorption bands in the vanadium and iron containing phosphate glasses 

polyvalent 
ion 

transition λ 
in nm 

V 

in cm~^ 
ε 
in cm~^ ppm~^ 

V5 + Charge transfer <400 >25000 

Γ 4 + Charge transfer <400 
680 
870 

>25000 
14710 
11490 

3 · 10--* 
1 · 10 -3 

V3 + Charge transfer 
'Tlg-^^T2g 
3Tig^3Tig(P) 

<250 
450 
690 

>40000 
22220 
14490 

9 · 10 -4 
5 · 1 0 - 4 

Fe3+ Charge transfer <400 >25000 

Fe2+ Charge transfer 
^2 ^ ' E 

<400 
1020 

«2200 

>25000 
9800 

« 4550 
unknown 
unknown 

ratio. T h e shift to the reduced State wi th increasing tem
pera ture was ob ta ined by S W V a n d in absorpt ion 
spectroscopy, too . 
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